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PART I  
 
 
1. General Introduction 
 
 
 
 
 
1.1 Chlamydomonas reinhardtii, unicellular green alghe.   
 
 The unicellular chlorophyte alga Chlamydomonas reinhardtii 
(Chlamydomonas throughout) sometimes referred to as the “photosynthetic 
yeast” (Rochaix, 1995), has become an important model (Harris, 2001a) due to 
its simple life cycle that can be easily manipulated, rapid growth and a haploid 
genome in vegetative cells.  It's highly conserved photosynthetic apparatus 
makes it ideal for studying photosynthesis in higher plants.  In the absence of 
light, Chlamydomonas may grow heterotrophically on acetate. In addition to its 
plant like features, however, this alga also possesses features that are quite 
unusual for a eukaryotic photosynthetic organism. It has two flagella that 
provide it with movement, and possesses a complex fermentative metabolism 
not usually found in eukaryotes including a branches that leads to the 
production of hydrogen gas and formate. 
 In its natural habitat, Chlamydomonas is a soil dwelling organism found 
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where ever at least some water is present (freshwater). Chlamydomonas is a 
facultative anaerobic organism, preferably respiring oxygen when it is 
available. It cannot however live indefinitely without oxygen.  
 
 
1.2 The cell cycle and circadian clock in Chlamydomonas. 
 
 Chlamydomonas reinhardtii can divide into 2, 4, 8 or 16 daughter cells 
from a single mother cell in one cell cycle. During growth in the light period, 
before entering the division phase at a later time point, cells can double several 
times in size. When cells enter the division phase, they undergo multiple 
division rounds, each consisting of DNA synthesis, mitosis and cytokinesis 
(Coleman, 1982; Harper & John, 1986). The number of cell divisions depends 
on the mother cell size that is attained before cells enter the division phase, such 
that daughter cells of uniform size are formed (Craigie & Cavalier-Smith 1982). 
Daughter cells that are formed remain surrounded by the mother cell wall until 
all cell division rounds have been completed. Daughter cells are released from 
this sporangium by enzymic degradation of the mother cell wall (Schlösser 
1966). An illustration of the multifission cell cycle of chlamydomonas is 
reported in figure 1.  
 Two important  regulatory “check points” of the cycle have been 
identified : the primary arrest point and the transition point (Spudich and Sager 
1980).  The former is the point at which light is required to continue the cell 
cycle, and the latter is the point at which cells may grow and divide, completing 
the remainder of the cycle, independent of light conditions. The transition point 
is referred to as “commitment” (to divide) in chlamydomonas, and is thought to 
be equivalent to “start” in yeast cells and the “restriction point” in animal cells 
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(Donnan and John 1983; Zachleder and van den Ende 1992). 
 Factors and mechanisms determining the passage of these check points 
has been studied but not yet fully understood.  The existence of a timer 
mechanism has been proposed by several authors ( Donnan and John 1983, 
Donnan et al. 1985, and McAteer et al. 1985).  Other studies put forward the 
hypothesis that the time necessary to pass a check point depends on temperature 
(Lien and Knutsen 1979). The involvement of a circadian oscillator and a sizer 
mecchanism have also been proposed (Goto & Johnson, 1995;  Oldenhof et al., 
2007) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.  Chlamydomonas is characterized by it's multi-fission cycle – following a period 
of growth, cells enter a series of repeated divisions (synthesis and mitosis).  The 
number of times it divides depends on the growth conditions and the size the cell 
achieved during the growth period.  No G0 or G2 is present in this cycle, different from 
other types of cells.  
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 Circadian rhythms are biological rhythms that persist with a period of 
about 24 h under constant conditions of light and temperature. The 
physiological properties of circadian rhythms are well conserved among 
different organisms, including prokaryotes (Kondo et al. 1993,  Voytsekh et al., 
2008). They can be entrained by light or temperature cycles. Single pulses of 
light, dark, or chemicals can shift their phase. Depending on the circadian time 
the pulse is given, phase advances or delays can occur. Under constant 
conditions, their period length is almost unchanged at different temperatures, a 
clock property named temperature compensation (Rensing & Ruoff, 2002). 
 In chlamydomonas, several processes are under the control of the 
circadian clock, including phototaxis, chemotaxis, stickiness to glass surfaces, 
UV sensitivity, and the cell cycle (for review, see Mittag et al., 2005).  The first 
mutants with aberrant circadian rhythms (per mutants) of phototaxis were 
selected many years ago (Bruce, 1972).  
 Though much remains unknown about the circadian clock in 
chlamydomonas, in recent years, the first molecular components involved in the 
oscillatory machinery of chlamydomonas have been characterized, including 
CASEIN KINASE1 (CK1; Schmidt et al., 2006) and the RNA-binding protein 
CHLAMY1 (Iliev et al., 2006).  CHLAMY1 is composed of two subunits that 
participates in controlling the circadian rhythm by integration temperature 
information.  (Voytsekh et al., 2008) 
 
 
1.3 Daily oxygen limitations experienced by Chlamydomonas in nature.  
 
 When oxygen is limited or lacking, the cell's natural energy producing 
unit – respiration – is seriously inhibited.  The lack of energy in the cell 
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compromises essential self maintenance requirements. Many cellulare activities 
such as membrane repair, gene transcription, protein production to renew 
proteins that naturally have limited lifespan, the uptake of nutrients from the 
environment, just to name a few, are processes that require energy. While such 
fundamental processes for the cell are in jeapordy, other non essential activities 
such as growth and reproduction are even less likely to happen.   
 In it's natural environment, Chlamydomonas may be confronted with low 
oxygen conditions conditions on a regular basis, and very probably on a daily 
basis (Dat JF, et al., 2004).  The reason for the high frequency of this event is 
characteristic of the environment in which it lives.  The rate of diffusion of 
oxygen in water is much lower than in air (Dat JF, et al., 2004).  During the day 
such low diffusion is not a problem, because Chlamydomonas produces it's own 
oxygen through photosynthesis but during night light is not available and 
photosynthesis does not occur.  In this condition the cells oxygen requirements 
may not be covered.  
 In addition, another natural factor may cause chlamydomonas to 
experience low oxygen.  During the late part of the day, Chlamydomonas cells 
have been observed to undergo very active growth, nearly doubling in size 
within a period of a few hours (Whitney, LAS et al, unpublished data).   Figure 
2 shows the aspect of cells grown in our lab:  in the late afternoon, (16:00) and 
just before the onset of the dark phase (20:00)  
 We put forward the hypothesis that even at a time when light availability 
creates an abondance of oxygen through photosynthesis, the cell's oxygen 
requirements to support such vigorous grown may not be covered, and the cells 
may experience a temporary condition of physiological hypoxia or anoxia 
(Whitney, LAS et al, unpublished data). 
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Fig 2:  Synchronous cells grown in a 12 h : 12 h light : dark photoperiod going from 
8:00 to 20:00 are shown above 4 hours prior to the onset of the dark phase (16:00), 
and at the transition between the light and dark phase (20:00).  We can observe the 
great increase in volume of the cell within a period of just a few hours. Such an 
increase is only visible at this part of the cycle.  
 
 
1.4 The Fermentative Metabolism in Chlamydomonas.  
 
 The daily challenge of low oxygen experienced by Chlamydonomas in 
nature is temporary, and at the end of the night, light returns, reactivation 
photosynthesis at a time when cells are not growing at a fast rate.  Several 
studies have shown that chlamydomonas can survive these short periods of 
stress by shifting from an aerobic to a fermentative metabolism (Gfeller & 
Gibbs, 1984; Kreuzberg, 1984; Gfeller & Gibbs, 1985; Ohta et al. 1987).  The 
ability to acclimate to hypoxia and anoxia is facilitated by the availability of 
variety of fermentative pathways (Tsygankov et al., 2002; Dubini et al., 2009; 
Timmins et al., 2009). Figure 3 shows the fermentative pathways as they are 
currently known :  (taken from Grossman AR et al, 2010).  
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Fig. 3.  The fermentative pathways in chlamydomonas (Grossman et al. 2010). 
 
 
 Details regarding these fermentative pathways were proposed using data 
from a microarray experiment done under dark anoxia (Mus et al., 2007).  Also 
genes encoding proteins associated with a variety of fermentative pathways 
have been identified on the Chlamydomonas genome. (Grossman et al., 2007, 
Merchant et al.,  2007).  Terashima and collegeas worked on identifying 
proteins induced under anoxia (Terashima et al., 2010).  In addition to 
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identifying proteins that traditionally have been associated with fermentation, 
they identified a novel set of anoxic responsive proteins.   
 Since photosynthesis occurs in the light, producing oxygen, it is evident 
that in nature anoxia must be occur in the dark.  In the lab it could be desirable 
to induce anoxia in the light. A method to achieve this was introduced by Melis 
et al. In 2000 and it consists of down-regulating photosynthesis by starving the 
cells of sulfur which has the consequence of limiting the activity of 
photosystem II (PSII).  The level of residual PSII activity is enough to allow all 
the small amount of oxygen produced to be consumed by respiration.  When 
anoxia is triggered by this method major changes occur in the profile of 
accumulation of metabolites, and includes increases in the production of 
triglycerides and amino acids (Timmins et al., 2009).  
 Modified profiles of metabolite accumulation have also been observed in 
mutants defective for a single components. A mutant defective in hydrogenase 
activity increases succinate fermentation (absent or negligible in the 
background strain) and reduces the amount of CO2 it emits. – seemingly to 
compensate for the loss of the ability to reduce protons to H2 as final electron 
acceptor to contribute to NAD(P)H re-oxydation and to continue to drive 
glicolysis in the O2 (Dubini et al., 2009).  Also, a pfl1 insertational mutant, with 
loss of function of PFL activity, redirects flow to the production of lactate, with 
moderate increase also reported for ethanol. Lactate production also provides an 
alternative way to reoxydise NAD(P)H.  
 The fore-mentioned ability of Chlamydomonas to activate alternative 
pathways is in response to loss of another pathway is a clear demonstration of 
the extreem versatility of it's fermentative metabolism whose limits were 
demonstrated however in the adh1 mutant which did not activate alternative 
pathways in response to the lack of ability to transform acetil-CoA to ethanol.  
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Interestingly adh1 actually down regulated other pathways which would have 
been thought to be in competition with it, demonstrating the key role of ADH1 
in the anoxic metabolism (Magneschi L, 2011). 
 While a number of studies have been done which observed different ways 
the metabolite profile of the fermentative pathway can change with conditions, 
not all factors involved in the regulation of these pathways have been identified.  
It would seem obvious that fermentative metabolism be regulated by low 
oxygen, and indeed this has proven to be the case for many genes in specific 
growth conditions (Mus et al., 2007).  However, the picture is not that simple.  
It is worthwhile mentioning at this point that in synchronized cultures of 
chlamydomonas, maintained at low to mid exponential phase of growth (and 
therefore actively going through the cell cycle) the ADH1 gene seemingly is 
unresponsive to anoxia, actually being repressed in some case (Whitney LAS, 
et al., 2010, – see the results section of part II and part III of this thesis).  We 
put forward the hypothesis that circadian and cell cycle status may be 
contributing to the ADH1 expression pattern.  (Whitney LAS et al., 2010).   
Similar studies should also be done for other genes in the pathway if we are to 
have a full understanding of it's regulation.  
   
 
1.5 Chlamydomonas and Hydrogen production 
 
 Hydrogen gas provides exceptional value as an energy carrier and 
industrial feedstock (Lee et al., 2010).  In industry, hydrogen is used for 
hydrogenation of many products, including heavy oils in gasoline production, 
foods, and ammonia for fertilizer (EIA, 2008).  Hydrogen also is the ideal 
electron donor for reducing nitrate, perchlorate, selenate, and a suite of other 
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oxidized water pollutants (Rittman et al.,2007) . Virtually all H2 is produced 
today by reforming fossil fuels. Therefore, hydrogen currently is neither 
renewable nor carbon-neutral Biological hydrogen production offers a solution, 
being both renewable and carbon neutral, and it can be achieved by 
photosynthesis, fermentation, and microbial electrolysis cells.  All of these 
approaches work because microorganisms are able to use protons (H+) as an 
electron sink for two electron equivalents (e- eq): 2H+ + 2e- –> H2.  Hydrogen 
has a low solubility in water and can be easily harvested as a gas that evolves 
from the water.  
 Chlamydomonas has received much attention in the past 10 years as an 
organism that may be used to generate hydrogene for industrial usage 
(Grossman et al. 2010).  Three pathways are available for Chlamydomonas to 
produce hydrogen, two which use the photosynthetic apparatus to generate the 
energy required to unite protons with electrons (Grossman et al. 2010).  All 
three pathways must operate in strict anoxia conditions, as the enzymes 
responsible for the hydrogen synthesis reaction are highly sensitive to oxygen 
and are inactivated at very partial pressures of O2  (Ghirardi et al., 2007; Stripp 
et al., 2009). 
 The first pathway depends on the light-dependent oxidation of water by 
photosystem II (PSII).  This path may operaton only when PSII activity is 
limited to a level low enough that the oxygen generated as a result of it's 
activity, is a small enough quantity so that it may all be consumed by cellular 
respiration.  An efficient method to limit PSII activity was introduced in a 
decade ago and uses sulfur starvation to limit the renewal of the sulfur-rich D1 
subunit of PSII which has a limited life span and must be regularly re-
synthesized (Melis et al., 2000).    
 The second photoproduction pathway involves the non-photochemical 
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reduction of the PQ pool by NAD(P)H generated as a consequence of starch 
catabolism, followed by the light dependent reduction of Ferrodoxin by 
photosystem I (PSI),  which in turn can pass the electrons on to the 
hydrogenase. (Chochois et al., 2009) 
 The third pathway occurs in dark anoxia, and electrons are supplied to the 
hydrogenase as a result of fermentation  (Dubini et al., 2009).  This pathway is 
the one which is focused on in the following studies.  
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PART II 
 
 
 
 
2. Alcohol dehydrogenase and hydrogenase transcript fluctuations 
 during a day-night cycle in Chlamydomonas reinhardtii: the role of 
 anoxia. 
 
 L.A.S. Whitney, E. Loreti, A. Alpi, P. Perata 
 
 
 
2.1 Summary 
 
 
• The unicellular green alga Chlamydomonas reinhardtii contains two iron (Fe)-
hydrogenases which are responsible for hydrogen production under anoxia. In 
the present work the patterns of expression of alcohol dehydrogenase, a typical 
anaerobic gene in plants, of the hydrogenases genes (HYD1, HYD2) and of the 
genes responsible for their maturation (HYDEF, HYDG), were analysed. 
 
• The expression patterns were analysed by real-time reverse-transcription 
polymerase chain reaction in Chlamydomonas cultures during the day–night 
cycle, as well as in response to oxygen availability.  
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• The results indicated that ADH1, HYD1, HYD2, HYDEF and HYDG were 
expres- sed following precise day–night fluctuations. ADH1 and HYD2 were 
modulated by the day–night cycle. Low oxygen plays an important role for the 
induction of HYD1, HYDEF and HYDG, while ADH1 and HYD2 expression 
was relatively insensitive to oxygen availability. 
 
• The regulation of the anaerobic gene expression in Chlamydomonas is only 
partly explained by responses to anoxia. The cell cycle and light–dark cycles 
are equally important elements in the regulatory network modulating the 
anaerobic response in Chlamydomonas. 
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2.2 Introduction 
 
 
 
 
 
 The unicellular green alga Chlamydomonas reinhardtii (referred to here as 
Chlamydomonas throughout) has been used for years as a model organism to 
study a variety of cell processes, including photosynthesis, cell division and 
flagellar function (Rochaix, 1995; Harris, 2001a). 
 Hydrogen production in Chlamydomonas was reported nearly 70 yr ago, 
(Gaffron & Rubin, 1942) although it has only been the subject of significant 
attention by scientists for the past decade. (Melis et al., 2000). Its ability to 
synthesize hydrogen, if a way were found to harness it, could potentially 
revolutionize the renewable energies market (Lee et al., 2010). An advantage of 
hydrogen over other alternatives to fossil fuels is that the final product of its 
combustion is water rather than CO2, and therefore it does not negatively 
contribute to climate change (Lee et al., 2010). 
 Chlamydomonas is an aerobic organism, although it may experience 
hypoxia on a daily basis depending on the environment. Chlamydomonas 
contains two iron (Fe)- hydrogenase encoding genes, usually found with strict 
anaerobes, allowing hydrogen production under anoxic conditions (Happe & 
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Kaminski, 2002; Forestier et al., 2003; Mus et al., 2007). Anoxia is required 
because the hydrogenase enzyme catalytic site is inactivated by oxygen and so 
does not function in an oxygenic environment (Ghirardi et al., 2007; Stripp et 
al., 2009). 
 Chlamydomonas must therefore be in anoxia as a precondition to activate 
hydrogen production (Happe et al., 1994; Ghirardi et al., 2007), but it is likely 
that it can survive anoxia only for limited periods. Cells may be grown in 
anoxia in sealed containers either in the dark, to avoid photo- synthetic oxygen 
generation (dark anoxia), or in the light, provided that photosynthesis somehow 
be reduced to a level low enough so that all the oxygen it produces is consumed 
by cellular respiration (light anoxia) (Melis, 2007). This latter approach may be 
carried out by starving cells of sulfur (Melis et al., 2000). In dark anoxia all 
electrons for H2 synthesis come from the fermentation of organic substrates 
accumulated in the cell. 
 Under anoxia, cells potentially confront an energy crisis, as O2, their 
favored final electron acceptor, is not available. In such conditions, NAD(P)H 
deriving from respiration cannot be reoxidized and the whole process is blocked 
(Greenway & Gibbs, 2003). It has been proposed that H2 synthesis may act as a 
back-up mechanism to sequester electrons permitting NAD(P)H re-oxidation 
and the generation of ATP, which is essential for cell maintenance and repair 
functions, and ultimately for survival (Melis et al., 2000; Happe & Kaminski, 
2002). 
 In other systems, such as Arabidopsis, acclimatization to anoxia 
comprises whole array of metabolic adaptations, including the induction of 
alcohol dehydrogenase (ADH) (Ellis et al., 1999) whose role is to reoxidize 
NADH produced in the glycolytic pathway (Perata & Alpi, 1993). Together, 
they determine the outcome: survival or death (Licausi & Perata, 2009). 
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 The Chlamydomonas genome sequence (available online at 
http://genome.jgi-psf.org/Chlre4/Chlre4.home.html) contains a significant 
number of genes encoding proteins involved in anaerobic metabolism 
(Grossman et al., 2007; Merchant et al., 2007). Networks of pathways that 
ferment pyruvate derived from starch terminate in the production of a range of 
metabolites (heterofermentation) including acetate, ethanol, formate and small 
amounts of malate, CO2 and H2 (Kreuzberg, 1984; Mus et al., 2007). The ratio 
of fermentation products may change with culture conditions and the 
interruption of one of these main pathways may activate additional alternative 
pathways (Gfeller & Gibbs, 1984; Kosourov et al., 2003). A mutant (hydEF-1) 
defective in hydrogenase activity activates an otherwise non functioning 
pathway terminating in the production of succinate, seemingly to compensate 
for the loss of the ability to reduce protons to H2 as final electron acceptor 
(Posewitz et al., 2004; Dubini et al., 2009). While these fermentative pathways 
have been identified, some questions remain regarding the individual role and 
contribution of each pathway as well as factors involved in their regulation. 
 The ADH gene, encoding alcohol dehydrogenase, has been largely 
associated with the hypoxia ⁄ anoxia response in the plant kingdom, although it 
may also play a role in other environmental stress, including cold, dehydration 
and salinity (Dolferus et al., 1994; Dennis et al., 2000; Ismond et al., 2003; 
Senthil-Kumar et al., 2010). Most plant species upregulate ADH in response to 
low oxygen, although exceptions have been reported (Kennedy et al., 1992). 
ADH is necessary to survive flooding in Arabidopsis thaliana, as highlighted by 
the decreased tolerance in an ADH-null mutant, although over-expressing ADH 
does not increase tolerance (Ismond et al., 2003). 
 In Chlamydomonas ADH1 catalyses the conversion of acetyl-CoA into 
ethanol, and the presence of an ADH able to convert acetaldehyde into ethanol, 
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thus resembling plant ADH, has been hypothesized (Mus et al., 2007). 
 In Chlamydomonas the expression of the hydrogenase genes (HYD) has 
similarly been studied. Two hydrogenase genes were characterized in 
Chlamydomonas: HYD1 and HYD2 (Happe & Kaminski, 2002; Forestier et al., 
2003). They show 68% identity in their amino acid sequence (Forestier et al., 
2003). Both HYD1 and HYD2 are up- regulated in response to dark anoxia (Mus 
et al., 2007), and to light anoxia in sulfur starvation (Forestier et al., 2003). In 
addition, Chlamydomonas possesses two hydrogenase maturation genes, 
HYDEF and HYDG, whose proteins are essential for constructing the metal core 
present in the active site of the hydrogenase themselves (Posewitz et al., 2004). 
Chlamydomonas, like most other organisms (Moore-Ede et al., 1982; Johnson 
& Golden, 1999) shows temporal organization of its behavioral, physiological 
and biochemical processes to adapt them to the 24-h cycle of its environment 
(Takahashi, 1991; Dunlap, 1999). For example, its division has been observed 
to coincide with the night period, and the survival of Chlamydomonas cells 
after irradiation by UV light depended heavily on the time of day the treatment 
was carried out (Spudich & Sager, 1980; Nikaido & Johnson, 2000). 
 Evolution wise, an organism may possess a competitive advantage if its 
cellular physiology were organized such that oxygen sensitive reactions could 
be restricted to times when photosynthesis does not occur (e.g. the night). In 
this way energy would not be wasted in synthesizing proteins that cannot be 
active when oxygen or light is present. (Johnson & Golden, 1999; Nikaido & 
Johnson, 2000). In this context, it would be logical to expect that some phases 
of the daily cycle are more favorable to hydrogen production than others. 
During the day, Chlamydomonas photosynthesizes and produces its own 
oxygen but at night photosynthetic oxygen production ceases and whatever 
oxygen is dissolved in the water may quickly be consumed. This, together with 
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the slow rate of diffusion of oxygen (from the atmosphere in this case) in water, 
makes it possible that Chlamydomonas experiences a few hours of hypoxia, or 
even anoxia on a daily basis. An experiment performed on a synchronous 
culture of wild-type strain CC124 following anoxic induction by sulfur 
starvation demonstrated that the amount of hydrogen produced varies according 
to the time of day the treatment starts (Tsygankov et al., 2002). 
 Industrial-scale H2 production, will likely involve growing 
Chlamydomonas outdoors and subject to day–night rhythms. In this context it is 
important to take cell cycle factors into consideration in scientific studies. In 
this article, we demonstrate that ability to survive dark anoxia depends on the 
time of day treatment starts. We further show that Chlamydomonas ADH1, 
HYD1, HYD2, HYDEF and HYDG expression displays a day–night fluctuation 
pattern, which can be only partly explained by oxygen availability in the 
medium. 
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2.3 Materials and Methods 
 
 
 
 
 
2.3.1  Strains and growth conditions. 
 
 The C. reinhardtii 11-32c wild-type strain was obtained from the algae 
collection of the Gottingen University, Germany. Cells were grown in Tris 
acetate-phosphate (TAP) medium (pH 7.2) as described by Harris (2001b). Cell 
suspensions were grown to a concentration of 1 · 106 cells ml)1 (7 · 105 cells 
ml)1 for the anoxia tolerance experiment). Synchronous Chlamydomonas cell 
cultures were obtained by alternating light (12 h) and dark (12 h) periods for 6 d 
and maintained by daily dilution of the cultures to a starting density of c. 106 
cells ml)1. Cell division was monitored microscopically and by counting cells 
with a Bu rker chamber. The light intensity during the light period was 70 
lmol m)2 s)1. During 48-h experiments, samples were collected every 4 h and 
corresponding volume of fresh media added. For the continuous dark or light 
experiments, the culture was divided and one part was transferred to continuous 
dark, one part was transferred to continuous light at the intensity given earlier 
and one part was left in a 12 h : 12 h light : dark photoperiod. For experiments 
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done on agar plates TAP agar 1.2% was used. 
 Anoxic treatments were carried out in the dark. An enclosed anaerobic 
workstation (Anaerobic System model 1025; Forma Scientific, Marietta, OH, 
USA) was used to provide an oxygen-free environment in which to incubate 
Chlamydomonas cultures. This chamber uses palladium catalyst wafers and 
desiccant wafers to maintain strict anaerobiosis to < 10 lg ml)1 O2 (according to 
the manufacturer’s specifications). High-purity N2 was used to initially purge 
the chamber, and the working anaerobic gas mixture was N2 : H2 with a ratio of 
90 : 10. 
 The experiments described in Fig. 9 were performed by continuously 
fluxing 1% oxygen or air (21% oxygen) in the flasks containing the cultures in 
a 12 h : 12 h light : dark photoperiod. Oxygen at 1% was used to induce 
hypoxic conditions to simulate the naturally low oxygen status of the culture 
medium during the night. No gas was fluxed in the control flask. 
 
 
 2.3.2 Oxygen readings. 
 
A synchronized culture prepared as described earlier was assayed every 4 h 
using a Jenway oxygen meter model 9071 (Jenway, Stone, UK) following the 
manufacturer instructions.   
 
 
2.3.3 RNA extraction and real-time reverse-transcription polymerase chain 
 reaction (qPCR). 
 
Cultures of Chlamydomonas 1 · 106 were pelleted at 4000 g for 1 min. The 
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pellet was resuspended in the following buffer diluted 1 : 1 with water: 2% 
SDS, 400 mM EDTA, 100 mM Tris-HCl (pH 8.0). The resulting solution was 
extracted once with phenol-chloroform 1 : 1 (v⁄v) supplemented with sodium-
acetate 0.3M (pH 5.0). The samples were vortexed briefly and centrifuged at 12 
000 g for 10 min. The supernatant was extracted twice with phenol–chloroform 
(without sodium acetate), then extracted a final time in chloroform. Samples 
were precipitated using LiCl 8M added 1:1 (v:v) for 4h at 4°C, centrifuged at 
13 000 g and the pellet washed in 70% ethanol and finally resuspended in 
DEPC water. RNA quality was checked on 1% agarose gel, and quantified with 
spectrophotometric readings. RNA was subjected to a DNase treatment using a 
TURBO DNA free kit (Ambion, Inc., Austin, TX, USA). One microgram of 
each sample was reverse transcribed into cDNA with an iScript cDNA 
Synthesis kit (Bio-Rad). Real-time reverse-transcription polymerase chain 
reaction amplification was carried out with an ABI Prism 7000 sequence 
detection system (Applied Biosystems, Foster City, CA, USA), using the 
ribosomal protein L13 (RPL13) RNA as an endogenous control. The primers 
used are listed in Table 1. A cDNA pool of all samples was analysed for a 
standard dilution series to monitor the qPCR efficiency for each primer pair. 
The PCR reactions were carried out using 40 ng of cDNA and iQ SYBR Green 
SuperMix (Bio-Rad Laboratories Inc.) following the manufacturer’s protocol. 
Relative quantification of each mRNA was performed using the comparative 
CT method, as described by the manufacturer (ABI PRISM 7700 Sequence 
Detection System User Bulletin #2; Applied Biosystems). 
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Table 1 
 
Gene  Descripti
on  
 
ADH1 
 
primer forward GACAAGGTCACCCACATCCT  
primer reverse ATGACATCGGGCTTGAACTC  
 
HYD1 
 
primer forward GGGAACGTGGGTAGCATTTA  
primer reverse ACACCAACGTCAATCGCATA  
 
HYD2 
 
primer forward GCGGGCAAGTTCTTCAATCT  
primer reverse AGTGCGGAACAGCATCAGT  
 
 
HYDEF 
 
primer forward 
 
GCTAGGCGTGGTGGTGTC 
 
primer reverse 
 GTCTCGATGCGGATCAGGTA 
 
HYDG 
 
primer forward 
 AGTCCAAGTCCGAGTTCGTG 
primer reverse 
 TGTTCCACAGCTTGATGGTC 
 
CDKB1 
 
primer forward 
 CGAGAGCAACCATATTGTCAAGC 
primer reverse 
 CAGGTAAAGGCATGGCTTGTTG 
 
tufA 
primer forward 
 CAGGTGCTGCACAAATGGATG 
primer reverse 
 GTTTGTGGCATAGGACCGTAG 
 
RPL13 
primer forward 
 AGCACGGCTAGAGACAGATG 
primer reverse 
 TAGTGCGTGGCTGTTTGTTG 
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2.4 Results 
 
 
 
 
 
2.4.1  Anoxia tolerance is influenced by the time of day 
 
 We suspected that Chlamydomonas cells would display a different 
response to anoxia at different times of the day, thus suggesting a time-
dependent change in the ability to adjust the metabolism to anaerobic 
conditions. Chlamydomonas resistance to UV treatment indeed varied 
according to time of day (Nikaido & Johnson, 2000). 
 We used a culture of synchronized Chlamydomonas cells which, at four 
time-points, were exposed to dark anoxia for 3, 6 and 9 d. It is evident that the 
cells that were exposed to anoxia starting at 04:00 h survived the best, and the 
time of day the experiment started seems to be of importance for survival from 
anoxia (Fig. 1). 
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Fig. 1 Effect of anoxia on the survival of Chlamydomonas cells. (a) At four chosen time 
points (08:00 h, 16:00 h, and 04:00 h and 08:00 h the following day), 15 spots, each 
equal to 2 ll of culture were spotted on to Tris acetate-phosphate (TAP) agar plates. 
The plates were then transferred to the anoxic chamber and kept in the dark for 3, 6 
and 9 d. At the end of the treatment, the plates were transferred back to normoxia to 
recover. The cells spotted onto the agar grew to form colonies. They were grown for 25 
d, although no additional growth was observed after 20 d. (b) Total surface area of the 
15 colonies at each time-point was measured (data are mean ± SD, n = 3 individual 
plates, each containing 15 colonies). 
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2.4.2 The concentration of O2 dissolved in the media varies rhythmically 
 over  24 h.  
 
 We considered that the differential response to anoxia according to the 
time of the day could arise from a transient acclimatization to low oxygen 
linked to a daily fluctuation of the oxygen content in the culture medium. The 
O2 concentration in the medium was measured every 4 h for 48 h. As expected, 
the O2 concentration during the night was much lower than during the day (Fig. 
2a). The O2 concentration began to rise at the beginning of the day, as soon as 
light became available and photosynthesis begins. The maximum O2 
concentration was measured at 12:00 h, and then decreased slowly until 20:00 
h. As soon as the lights switched off, O2 concentration dropped significantly 
and remained constantly low between 00:00 h and 08:00 h. This pattern was 
repeated over 48 h (Fig. 2a). 
 
 
2.4.3 ADH1 expression in Chlamydomonas depends on time of day, not on 
 O2 concentration. 
 
 Higher expression of ADH is often linked with survival in low oxygen 
conditions in plants (Perata & Alpi, 1993). We therefore checked whether ADH 
expression correlated with the anoxia survival of Chlamydomonas cells (Fig. 1). 
ADH1 expression was determined every 4 h for 48 h (Fig. 2b, top panel). 
Surprisingly, ADH1 was most highly expressed at 16:00 (black arrows) when 
oxygen levels in the media were high (Fig. 2a), and was least expressed at night 
when oxygen levels were low. This result contrasts with the common wisdom  
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Fig. 2 Effect of day–night cycle on oxygen level and patterns of expression of ADH1 in 
Chlamydomonas cells. (a) Oxygen in the media was measured every 4 h for 48 h in a 
culture of synchronized cells maintained in photoperiodic conditions. (b) mRNA levels 
for ADH1 were measured in synchronized cells during photoperiod (top panel), 
continuous dark (middle panel) and continuous light (bottom panel). Relative 
expression levels were measured by real-time reverse-transcription polymerase chain 
reaction (qPCR) (1 = the lowest value of expression measured in the three conditions). 
Data are mean ± SD, n = 3 technical replicates. When not shown, the error bars here  
smaller than the symbols. The experiment was replicated three times. A representative 
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experiment depicting two consecutive days is shown. 
 
that ADH genes, including Chlamydomonas ADH1, are induced by low oxygen 
(Mus et al., 2007). 
 To further investigate our idea that ADH1 may be responding to light (or  
dark) signals rather than to oxygen availability, we carried out an experiment to 
see how ADH1 responds to continuous dark or light conditions. In continuous 
dark, ADH1 continued to show an afternoon peak (Fig. 2b, middle panel, black 
arrows), although at a much lower level. Generally, therefore, in continuous 
dark, ADH1 continued to fluctuate in a circadian manner, although dark 
attenuated the afternoon peak of expression. In continuous light, during the first 
12 h ADH1 expression followed its regular pattern with a peak at 16:00 h (Fig. 
2b, bottom panel, black arrow), as expected because light conditions during the 
day are normal. As soon as the cells were exposed to unexpected light (from 
20:00 h onwards), they showed a change in the way they expressed ADH1, 
which no longer follows a regular pattern. These results suggest that ADH1 in 
Chlamydomonas may be under circadian regulation, although continuous light 
disrupts the cycle of ADH1 expression. Unlike with higher plants, the 
expression level of ADH did not correlate with anoxia tolerance (Fig. 1). 
 
 
2.4.4 Hydrogenase genes in Chlamydomonas display a circadian expression 
 pattern 
 
 The activity of hydrogenases may allow Chlamydomonas to reoxidize the 
excess NAD(P)H under anoxia thus enhancing cell survival and, indeed, the 
expression of HYD genes is known to be favored under oxygen limitation (Mus 
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et al., 2007). Expression of HYD1 showed a significant rise in expression 
during the early part of the night (Fig. 3a, black arrows), when oxygen levels 
decreased, while during the day, HYD1 was expressed at a much lower level. 
 Under continuous dark, HYD1 expression level fluctuated (Fig. 3b). Upon 
the sensing of unexpected dark, the expression level increased to create a peak 
during the virtual ‘day’ (Fig. 3b, white arrows). This is especially noticeable 
between 08:00 h and 12:00 h on the first day of unexpected dark. 
 Under continuous light, HYD1 showed its usual low expression for the 
first 12 h (Fig 3c). At 20:00 h, HYD1 expression began to rise as usual, but the 
sensing of unexpected light quickly prevents this rise. Another small peak was 
also visible at the onset of the virtual night on the second day. The period 
between expression peaks was maintained close to 24 h. 
 The expression pattern of HYD2 under photoperiodic conditions, 
showed a peak of expression at 16:00 h (Fig. 4a, black arrows), a point in time 
where oxygen levels are high, proving that induction of this gene is not strictly 
correlated to oxygen status, as would have been expected because of the 
extreme oxygen sensitivity of its protein (Stripp et al., 2009). HYD2 expression, 
however, decreased only slightly until 20:00 h, and then remained constant 
throughout the night (Fig. 4a). Under continuous dark, an accentuation of the 
16:00 h HYD2 peak was observed, which was stronger on the first day (Fig. 4b, 
black arrows). 
 Under continuous light, only the expected peak of expression during the 
first day was retained (Fig. 4c, black arrow). The loss of fluctuation in HYD2 
expression when under continuous light conditions (Fig. 4c) suggests that, in 
addition to the circadian clock, other factors might also affect the expression of 
this gene. 
The hydrogenase proteins require HYDEF and HYDG maturation 
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proteins to be activated (Posewitz et al., 2004). Both HYDEF and HYDG 
showed higher expression during the night along the day–night cycle (Fig. 5, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Patterns of expression of HYD1 in Chlamydomonas cells. (a) mRNA levels for 
HYD1 were measured in synchronized cells during photoperiod (a), continuous dark 
(b) and continuous light (c). Relative expression levels were measured by real-time 
reverse- transcription polymerase chain reaction (qPCR) (1 = the lowest value of 
expression measured in the three conditions). Data are mean ± SD, n = 3 technical 
replicates. When not shown, the error bars were smaller than the symbols. The 
experiment was replicated three times. A representative experiment depicting two 
consecutive days is shown. 
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Fig. 4 Patterns of expression of HYD2 in Chlamydomonas cells. (a) mRNA levels for 
HYD2 were measured in synchronized cells during photoperiod (a), continuous dark 
(b) and continuous light (c). Relative expression levels were measured by real-time 
reverse- transcription polymerase chain reaction (qPCR) (1 = the lowest value of 
expression measured in the three conditions). Data are mean ± SD, n = 3 technical 
replicates. When not shown, the error bars were smaller than the symbols. The 
experiment was replicated three times. A representative experiment depicting two 
consecutive days is shown. 
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top panels in a) and b) and the unexpected dark at the beginning of the dark 
treatment strongly enhanced their expression (Fig. 5, middle panels in a and b). 
The dark-related peaks of expression of HYDEF and HYDG were lost when 
Chlamydomonas was grown under continuous light (Fig. 5, bottom panels in a 
and b). 
 
 
2.4.5  Effects of continuous light on circadian and cell-cycle related genes 
 
 The genes studied in this work displayed a day–night fluctuation in their 
expression. Most of them retained an apparently circadian pattern of expression 
under continuous dark but only HYD1 behaved in this way under continuous 
light (Fig. 3c). This suggested that either the circadian clock or the cell cycle 
were disrupted by the continuous light conditions used. 
 We found that the expression pattern of tufA, a circadian gene (Fig. 6a; 
Hwang et al., 1996), retained its circadian pattern even under continuous light, 
similarly to the expression pattern of HYD1 (cf. Figs 3, 6c). While the 24-h 
period is maintained under continuous dark, the sensing of unexpected dark 
triggered a temporary enhancement in the expression of tufA (Fig. 6b), as was 
observed for HYD1 (Fig. 3b). These results suggest that the circadian clock was 
not altered by the continuous light conditions. 
 Continuous light may alter the cell cycle, indirectly influencing 
expression of genes whose regulation is possibly linked to cell division and 
growth. To test this hypothesis, CDKB1, a gene expressed only during the S ⁄ M 
phase of the cell cycle (Bisova et al., 2005) was examined over 48 h (Fig. 7). 
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Fig. 5 Patterns of expression of HYDEF and HYDG in Chlamydomonas cells. mRNA 
levels for (a) HYDEF and (b) HYDG were measured in synchronized cells during 
photoperiod (top panel), continuous dark (middle panel) and continuous light (bottom 
panel). Relative expression levels were measured by real-time reverse-transcription 
polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
three conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, 
the error bars were smaller than the symbols. The experiment was replicated three 
times. A representative experiment depicting two consecutive days is shown. 
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Fig. 6 Patterns of expression of tufA in Chlamydomonas cells. mRNA levels for tufA 
were measured in synchronized cells during photoperiod (a), continuous dark (b) and 
continuous light (c). Relative expression levels were measured by real-time reverse- 
transcription polymerase chain reaction (qPCR) (1 = the lowest value of expression 
measured in the three conditions). Data are mean ± SD, n = 3 technical replicates. 
When not shown, the error bars were smaller than the symbols. The experiment was 
replicated three times. A representative experiment depicting two consecutive days is 
shown. 
  
 In normal conditions of alternating dark and light (Fig. 7a), CDKB1 
showed a peak in expression at 20:00 h, at the onset of the dark phase (black 
arrows). Its expression was reduced at 00:00 h, and was virtually zero at all 
other time-points. In continuous dark, the CDKB1 pattern was not only 
maintained, but its peaks in expression became higher during the second cycle 
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(Fig. 7b). Under continuous dark the CDKB1 expression peak was delayed, 
occurring 8 h later during the first cycle, and 4 h later during the next cycle, as 
indicated by the black arrows (Fig. 7b). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Patterns of expression of CDKB1 in Chlamydomonas cells. mRNA levels for 
CDKB1 were measured in synchronized cells during photoperiod (a), continuous dark 
(b) and continuous light (c). Relative expression levels were measured by real-time 
reverse- transcription polymerase chain reaction (qPCR) (1 = the lowest value of 
expression measured in the three conditions). Data are mean ± SD, n = 3 technical 
replicates. When not shown, the error bars were smaller than the symbols. The 
experiment was replicated three times. A representative experiment depicting two 
consecutive days is shown. 
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 The regular expression pattern of CDKB1 was disrupted by continuous 
light, and only the first peak of expression is retained during the first day (Fig. 
7c, black arrow). 
 
 
2.4.6 HYD1, HYD2, HYDEF, HYDG, but not ADH1 are induced by anoxia 
 
 The day–night fluctuation in the expression of genes can result from the 
oxygen concentration fluctuations (Fig. 2a), and indeed HYD1, HYDEF, and 
HYDG behaved as expected in relation to the oxygen content in the medium 
(Figs 3–5). 
 We verified the responsiveness of ADH1 to 4 h of dark anoxia at 
different times of day (Fig. 8). Interestingly, no ADH1 induction was visible 
that differentiated anoxia- treated cells (open bars in Fig. 8) from those treated 
in air in the dark (closed bars in Fig. 8). Shorter anoxic treatments (0.5–4 h) 
were also unable to significantly induce ADH1 (data not shown). 
 HYD1, however, was induced by anoxia at all times of day (Fig. 8). 
Dark treatment in normoxia did increase HYD1, but the effect of anoxia was 
stronger (Fig. 8). HYD2 induction by anoxia was limited to a twofold induction, 
when compared with the effect of dark normoxia.  Only at the 24:00 h and 4:00 
time points, was it significantly more induced (Fig. 8). HYDEF and HYDG 
were induced by 4 h of anoxia, and were induced to a lesser extent by normoxia 
in the dark (Fig. 8). HYDEF and HYDG showed a tendency to be induced to a 
higher level when the beginning of the light phase was expected (time: 08:00 
h), likely a response to the unexpected dark (see Fig. 5, middle panels in a and 
b). 
 The expression of the genes that were analysed in this study may be 
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divided into two different categories. The first includes HYD1, HYDEF and 
HYDG, which were predominantly expressed during the night (Figs 3–5) and 
are inducible by anoxia (Fig. 8). The second includes ADH1 and HYD2, whose 
expression increased during the day (Figs 2, 4), suggesting that the oxygen level 
in the medium played a minor role in their regulation, although HYD2 was 
slightly induced by anoxia during the night (Fig. 8). To verify whether oxygen  
 
 
 
 
 
 
 
 
 
Fig. 8 Effect of anoxia on the expression level 
of ADH1, HYD1, HYD2, HYDEF, HYDG in 
Chlamydomonas cells. mRNA levels for ADH1, 
HYD1, HYD2, HYDEF, HYDG were measured 
in synchronized cells treated for 4 h in dark 
under aerobic conditions (closed bars) or in 
dark under anoxia (open bars) at different time 
of day. Relative expression levels were 
measured by real-time reverse-transcription 
polymerase chain reaction (qPCR) 
(1 = expression value measured after 4 h in 
photoperiod in air). Data are mean ± SD, n = 3 
technical replicates. When not shown, the error 
bars where smaller than the symbols. The 
experiment was replicated three times. A 
representative experiment is shown. 
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Fig. 9 Effect of oxygen on the expression level of ADH1, HYD1, HYD2, HYDEF, HYDG 
in Chlamydomonas cells. mRNA levels for ADH1, HYD1, HYD2, HYDEF, HYDG were 
measured in synchronized cells. Treatments were as follows: ‘Control’, untreated; 
1%O2, culture treated by bubbling 1%O2; 21%O2, culture treated by bubbling air. 
Relative expression levels were measured by real- time reverse-transcription 
polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
three conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, 
the error bars where smaller than the symbols. The experiment was replicated three 
times. A representative experiment is shown. 
 3
 
might modulate the expression of HYD1, HYDEF and HYDG but not that of 
ADH1 and HYD2, we attempted to change the expression of these genes by 
artificially altering the oxygen status of the culture medium. Two cultures, one 
fluxed with 1% oxygen and one fluxed with air (21% oxygen) were compared 
with a control culture in which no gas was fluxed. The expression pattern of 
ADH1 and HYD2 were unchanged by 1% O2, while fluxing 21% O2 slightly 
reduced their expression (Fig. 9). 
 The 21% oxygen treatment had a dramatic effect on the expression of 
HYD1, HYDEF and HYDG, whose expression was strongly reduced by the 
treatment (Fig. 9). 
 When cultures were fluxed with 1% O2, the expression of HYD1 was not 
enhanced as usual when the cultures were exposed to dark (cf. ‘Control’ and 
‘1% O2’ in Fig. 9), suggesting that exposure to both dark and a drop in oxygen 
concentration (Fig. 2a) rather than exposure to hypoxia alone was responsible 
for the up-regulation of these genes during the night. 
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2.5 Discussion 
 
 
 
 
 
 Chlamydomonas possesses a variety of fermentative pathways, which are 
activated when oxygen is not available (Mus et al., 2007). The hydrogenase 
genes themselves, encoding the proteins responsible for hydrogen production, 
are part of anaerobic pathways (Mus et al., 2007). 
 In this work, we demonstrated that the expression of anaerobic genes 
fluctuates during the day–night cycles, in line with the different tolerance to low 
oxygen displayed by cultures exposed to anoxia at different times of the day. 
The most obvious explanation for a day–night fluctuation of genes reported to 
be induced by low oxygen (Mus et al., 2007) is related to oxygen availability. 
Photosynthetic O2 generation varies over the 24-h period and photosynthesis 
itself is reported to be under circadian regulation in higher plants (Dodd et al., 
2005; Fukushima et al., 2009). 
 The O2 levels in the medium of synchronous cultures of Chlamydomonas 
were, as expected, high during the day and low at night (Fig. 2a). However, 
counter-intuitively, ADH1 expression was high during the day when oxygen is 
high (Fig. 2b, top panel), while its expression was actually lower in continuous 
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dark (Fig. 2b, middle panel), when no photosynthesis occurred and dissolved O2 
levels were quite low (Fig. 2a). 
 One explanation could be that ADH1 is not hypoxia responsive in 
Chlamydomonas. Indeed, we did not observe ADH1 induction in response to 
dark anoxia (Fig. 8), and increasing oxygen availability did not inhibit ADH1 
expression (Fig. 9). Up-regulation of ADH1 by anoxia was observed in 
Chlamydomonas by Mus et al. (2007), but the different experimental set-up 
may explain the different conclusions reached in our work. 
 The function of ADH1 in Chlamydomonas, when uncoupled from its 
otherwise obvious role in the hypoxic metabolism, remains obscure. Ethanol 
production through the action of ADH recycles NADH and allows ATP 
production through glycolysis to continue in absence of oxygen. For this reason 
ADH is important for survival under anoxia (Perata & Alpi, 1993; Gibbs & 
Greenway, 2003). In Chlamydomonas the picture might be different, as ethanol 
and H2 production pathways may compete for reductants during anoxia. 
Following anoxia induction by sulfur starvation in the light, ethanol production 
is inhibited when H2 production is maximized, possibly because reductants 
from starch may be preferentially used by NAD(P)H-PQ oxido-reductase to 
fuel H2 production (Kosourov et al., 2003). The expression of ADH1 might 
therefore be down-regulated during the night (Fig. 2b) to avoid the competition 
for reducing agents required for the action of hydrogenases. 
 Overall, the hydrogenases (HYD1 and HYD2) and hydrogenase 
maturation genes (HYDEF, and HYDG) (Fig. 8) displayed a pattern of 
expression that is consistent with hydrogen production during dark-induced 
anaerobiosis as reported by Mus et al. (2007). 
 ADH1 and HYD2 deregulation in continuous light showed that the dark 
phase is essential to maintain their daily pattern (Fig. 2b, bottom panel). 
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 Deregulation of ADH1 and HYD2 in continuous light could be a direct 
response to light conditions, or an indirect response to a light-dependent 
disruption of the cell cycle. Under continuous light the circadian rhythm 
seemed to be maintained, as demonstrated by the tufA gene (Fig. 4), leaving the 
cell cycle hypothesis viable. 
 The green alga Ostreococcus was reported to modify its cell division 
rhythms in response to light conditions (Moulager et al., 2007). Interrupted cell 
synchrony in continuous light was also observed in Chlamydomonas (Hwang et 
al., 1996). Interestingly, CDKB1, a cell cycle marker gene (Bisova et al., 2005), 
was deregulated in continuous light, whereas it maintained a regular oscillation 
in continuous dark (Fig. 6b,c). These results suggested that the regulation of 
ADH1 and of HYD2, could be linked, at least in part, to the cell cycle. This 
hypothesis certainly deserves further investigation. 
 In conclusion, our results demonstrated that fermentative genes are 
expressed following precise day–night fluctuations. The regulation of the 
anaerobic metabolism of Chlamydomonas can only be partly explained by 
responses to anoxia, but the cell cycle and light–dark cycles are equally 
important elements in the regulatory network modulating the anaerobic 
response in Chlamydomonas. Intriguingly, the regulation and metabolic role of 
ADH1 in Chlamydomonas is apparently not explained by our knowledge of the 
fermentative metabolism in higher plants and further work is warranted on this 
topic. 
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PART III 
 
 
 
 
 
3. Characterization of other fermentative genes in chlamydomonas 
 reinhardtii in relation to their response to light/dark cycles and 
 oxygen availability.  First results regarding protein and metabolites. 
 
 
3.1 Summary 
 
Following the paper from Part II of this thesis, we were curious to take 
in to examination the remaining genes in the fermentative pathway.  This part is 
a work in progress, and much of the information reported here remains to be 
completed or confirmed.  Nevertheless some of the results are clear and begin 
to paint an interesting picture providing us with further insite into the regulation 
of fermentation in Chlamydomonas.  Also in this part, initial data on 
metabolites and proteins are reported, both suggest that while many genes 
clearly fluctuate on a daily basis,  the metabolic outcome is not influenced by 
them those fluctuations.  
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3.2 Introduction 
 
 
 
 
  
3.2.1 The role of fermentation in the absence of oxygen.  
 
 Pyruvate, the product of glycolysis, is accumulated following the 
degradation of starch.  Glycolysis produces ATP, and NAD(P)H.  If it continues 
indefinitely, NAD(P)H in the reduced form will accumulate.  This side product 
must be re-oxidized before glycolysis can continue.  When oxygen is available, 
NAD(P)H is re-oxidized through the electron transport chain in the 
Mitochondria.  However this process can not occur if no oxygen is present 
because oxygen plays the role of accepting the excess of electrons.  Therefore if 
glycolysis is to continue in the absence of oxygen, an alternated way of 
oxidizing NAD(P)H must occur.  The fermentative pathways provide a way cor 
the cell to re-oxidize NAD(P)H. 
 
 
 
 4
3.2.2  Genes in the ethanol producing pathway. 
 
 PDC3 catalises the reaction from pyruvate to Acetealdehade, and this 
toxic intermediary is rapidly converted to ethanol by ADH2 (Perata & Alpi, 
1993).  Though this second reaction reoxidizes one molecule fo NAD(P)H, the 
physiological role of this pathway is not clear.  There also exists a second 
pathway that leads to ethanol production.  This pathway begins with PFL1 or 
PFR which produce acetil-CoA and formate, and acetil-CoA and CO2, 
respectively (Grossman et al., 2010).  Acetil-CoA may then be converted to 
ethanol through the action of ADH1 (Atteia et al., 2006), an enzyme that 
consumes 2 reduced NADH, instead of one, proving its favorability in energetic 
terms. As a matter of fact ADH1 activity essentiel for anoxia survival and it 
cannot be substituted by other pathways – proving that the notorious flexibility 
of the fermentative metabolism has its limits (Magneschi 2011).  One possibile 
explanation for the utility of the PDC3/ADH2 pathway could be that it releases 
CO2, not organic acid, and this might be advantageous in some conditions not 
yet studied.  Most terrestrial plants use the pathway involving PDC (Dolferus et 
al. 1985; Kursteiner et al., 2003; Muecke et al., 1995, Magneschi & Perata, 
2009). 
 ADH1 shows a high degree of homology with the ADHE protein found 
in the alga Polytomella sp. and in eubacterial (Atteia et. al., 2003).  One major 
difference though is that in Chlamydomonas, ADH1 is located in the 
chloroplast (Terashima et al., 2010) while in  in Polytomella for example, it is 
located in the mitochondria.   
 We have previously demonstrated that ADH1 fluctuates on a daily basis, 
and that the regulation these fluctuations may be influenced by circadian and 
cell cycle factors.  In this part we take into examination the other two genes that 
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work on the ethanol producing pathway : PDC3 and ADH2 and show that their 
expression patterns are similar to ADH1.  Also we show that these fluctuation 
are not carried over to the protein level and metabolic level, and do not influene 
response to anoxia.   
  
 
3.2.3 Characterizing the PFL1, PFR1, ACK2 & PAT2 expression pattern. 
 
 Pyruvate formate lyase (PFL1) and pyruvate:ferredoxin:oxydoreductase   
are two genes that are seemingly in direct competition for their common 
substrate, pyruvate, and both produce acetil-CoA as one of their products (Mus 
et al., 2007).  A significant difference between the two is that  PFR1 catalises an 
oxydo-reduction reaction, while PFL1 simply splits pyruvate into two pieces; 
formate plus acetil-CoA (Wagner et al., 1992).  The reaction by PFR requires 
that this enzyme be in the oxydised form.  During the reaction, PFR1, removes 
a molecule of CO2  from pyruvate and keeps the extra two electrons that are 
released, reducing itself.  In order to catalyse another reaction, it must first get 
rid of the electrons, and it does so by passing them on to ferredoxin, which in 
turn may pass those electrons on to the hydrogenase which discharge them on 
their final acceptor – protons  - thus synthesizing hydrogen (Muller, 2003).   We 
can see therefore that while PFL is simply a fermentative enzyme, PFR is a part 
of the hydrogen production pathway.  
 Acetil-CoA generated through the action either of PFL1 or PFR1, may 
either be reduced to ethanol as already mentioned in the previous section, or it  
be metabolized to acetate by combined action of phospho-acetyl transferase 1 
(PAT1) and acetate kinase 2 (ACK2) in the mitochondria, and PAT2 and ACK1 
in the chloroplast.    
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 These genes have been reported to be responsive to anoxia in saturated 
cultures on chlamydomonas cells grown in continuous light.  However as we 
have seen with the ADH1 gene, the expression pattern in cells that are actively 
dividing and subject to alternate light dark conditions may be different from 
cells that have stopped or slowed their cell cycle.  Our studies focused on 
examining how these genes may respond to light conditions and how they 
respond to oxygen status.  We show that of these genes, the only one that is 
anoxic responsive is PFR1. 
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3.3 Materials and Methods 
 
 
 
 
 
3.3.1 Strains and growth conditions. 
 
 The C. reinhardtii 11-32c wild-type strain was obtained from the algae 
collection of the Gottingen University, Germany. Cells were grown in Tris 
acetate-phosphate (TAP) medium (pH 7.2) as described by Harris (2001b). 
Cultures of Chlamydomonas were grown to 1 · 106 for most experiment.  Only 
for experiments confronting the 8:00 o'clock time point with the 16:00 o'clock 
time-point, cells were grown to 3 · 106.  Synchronous Chlamydomonas cell 
cultures were obtained by alternating light (12 h) and dark (12 h) periods for 6 d 
and maintained by daily dilution of the cultures to a starting density of c. 106 
cells ml). The light intensity during the light period was 70 lmol m)2 s)1. For 
further details see our previous publication 
 Anoxic treatments were carried out in the dark. An enclosed anaerobic 
workstation (Anaerobic System model 1025; Forma Scientific, Marietta, OH, 
USA) was used to provide an oxygen-free environment in which to incubate 
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Chlamydomonas cultures.  
 The experiments described in Fig. 9 were performed by continuously 
fluxing 1% oxygen or air (21% oxygen) in the flasks containing the cultures in 
a 12 h : 12 h light : dark photoperiod. 
 
 
3.3.2 Western Blot 
 
 Pelleted cells were extracted in a buffer (stock solution to be diluted 1:1 
with water : trizma base 50mM, EDTA 10mM, SDS 2% , pH8, autoclaved 20 
minutes at 120°C) to which two protease inhibitors were added: 
Phenylmethylsulfonyl fluoride (PMSF) 100mM dissolved in isopropanol and 
Benzamidine HCl 100mM dissolved in absolute ethanol.  These were added 
immediately prior to use 1µl inhibitor:100 µl  diluted buffer . 400 µl extraction 
buffer were added to each sample and mixed. Protein content was quantified 
using a BCA Assay reagent kit (Pierce), according to the manufacturer's 
instructions.  Loading dye and a Reducing agent were added to µl total proteins. 
Samples were denatured at 100°C for five minutes, then  centrifuged 10 000 
rpm 1-2 minutes. The supernatant was loaded on precast gels 10% 
Polyacrylamide, which were placed in a BIORAD container containing running 
buffer (Stock solution to be diluted 1:5 : 10,5g MOPS, 6g trizma, SDS 0,5% at 
pH 7,2,  EDTA 5mM) to which Sodium Bisulfate  (0,5g in 500ml) was added 
immediately prior to running at 170 mA..  Proteins were transferred to a 
PolyVinylidene DiFloride (PVDF) membrane sandwiched between 4 layers of 
absorbent paper (above and 4 layers below) soaked in transfer buffer (glycine 
39mM, Tris 48mM, MeOH 20% and SDS 10%).  The membrane was prepared 
30 seconds in MeOH, rinsed in water, then soaked 15 minutes in transfer buffer 
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prior to use. The membrane was then saturated in skimmed milk 9 parts plus 
TBS 1 part.(Stock solution TBS 10x: 30,3g trizma base (TRIS) & 43,8g NaCl 
in 500 ml water) 1 hour at room temperature, incubated overnight at 4°C in the 
primary antibody 8Agrisera) Rabbit Anti-PDC antibody diluted 1:3000 in 
skimmed milk TBS, washed 4 times for 10 minutes in TTBS (TBS + Tween20 
0,05%), incubated with the secondary antibody (Horseradish peroixidase) 
diluted 1: 10 000, washed 6 times for 10 minutes in TTBS. Revelation of the 
signal was done using (BIORAD) chemioluminesence reaction mix. 6 ml mix 
were used to incubate the membrane 1 and a half minutes.  
 
 
3.3.3 RNA extraction and real-time reverse-transcription polymerase chain 
 reaction (qPCR). 
 
 Pelleted cells were resuspended in an buffer as previously described. 
Sodium-acetate 0.3M (pH 5.0) was added then the solution was extracted 3 
times with phenol-chloroform 1 : 1 (v⁄v).  A final extraction was performed in 
chloroform. Samples were precipitated using LiCl 8M added 1:1 (v:v) for 4h at 
4°C, the resulting pellet washed in 70% ethanol and finally resuspended in 
DEPC water. RNA quality was checked on 1% agarose gel, and quantified 
spectrophotometricly.  Residual DNA was removed using TURBO DNA free kit 
(Ambion, Inc., Austin, TX, USA). One microgram of each sample was reverse 
transcribed into cDNA with an iScript cDNA Synthesis kit (Bio-Rad). Real-
time reverse-transcription polymerase chain reaction amplification was carried 
out with an ABI Prism 7000 sequence detection system (Applied Biosystems, 
Foster City, CA, USA), using the ribosomal protein L13 (RPL13) RNA as an 
endogenous control. The primers used are listed in Table 2. A cDNA pool was 
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analysed for a standard dilution series to monitor the qPCR efficiency for each 
primer pair. The PCR reactions were carried out using 40 ng of cDNA and iQ 
SYBR Green SuperMix (Bio-Rad Laboratories Inc.) following the 
manufacturer’s protocol. Relative quantification of each mRNA was performed 
using the comparative CT method, as described by the manufacturer (ABI 
PRISM 7700 Sequence Detection System User Bulletin #2; Applied 
Biosystems). 
 
 
3.3.4 Ethanol quantification in the media. 
 
 Cultures in liquid medium were centrifuged and the supernatant was 
recuperated for analysis.  A buffer (sodium pyrophosphate 10 gr, semicarbazide 
HCL 2,5 gr. and glycine 0,5 gr in 300 ml; pH to 8,7 with KOH)  was prepared 
and supplemented with ADH (20mg /100 ml) and NAD+ (3,4 mg /100 ml).  A 
standart reaction curve was prepared by adding 10 µl of ethanol absolute to 490 
µl distilled water.  This solution was twice diluted 1 : 10 to obtain a final 
working solution concentrated 1 : 5000.  2,5 µl, 5 µl, 10 µl, 20 µl 30 µl 40 µl 50 
µl and 60 µl of working solution were added to 900 µl buffer and each standard 
was brought to the volume of 1000 µl (1 ml) by adding the appropriate quantity 
of distilled water.   Samples were prepared by adding 100 µl supernatant to 900 
µl buffer.  Samples and standards were incubated at 37° C for 30 minutes, then 
the absorbance of the solution was read at 340 nm using a spectrophotometer.  
The concentration of ethanol in the samples was calculated based on the results 
of the standard curve.  
 5
 
Table 2 
 
Gene  Descripti
on  
 
ADH2 
 
primer forward GGAGATCCTGGAGTTCAAGC 
primer reverse CAGGGCACTCATACATCAGC 
 
PDC3 
 
primer forward CTGTGCGTGACCTTCTGTGT 
primer reverse CGGCAGGTCCTCACTGTAG 
 
PFL1 
 
primer forward CCGTTGGACTATGAGGAGGT 
primer reverse GCCGCTCGTAGTCGTACTTG 
 
 
PFR1 
 
primer forward 
 CAGCAACCTGGTGGTGTTC 
primer reverse 
 GGTGATGGGGTAGATGAAGG 
 
ACK2 
 
primer forward 
 ACTCACCCTTCATCCGCAA 
primer reverse 
 GTCCGTGGGAATGACCAGCA 
 
PAT2 
 
primer forward 
 GAACTTCTTTGCCACCATGA 
primer reverse 
 ATGAAGACCGAGGACACCAG 
 
RPL13 
primer forward 
 AGCACGGCTAGAGACAGATG 
primer reverse 
 TAGTGCGTGGCTGTTTGTTG 
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3.4 Results 
 
 
 
 
 
3.4.1 ADH2 and PDC3 – two genes involved in ethanol production, show 
 expression patterns similar to ADH1. 
 
 ADH1 was previously show the fluctuate on a daily basis (Whitney et al., 
2010).  We therefore checked the expression pattern of ADH2 and PDC3 – two 
other genes associated with ethanol production in chlamydomonas (Mus et al., 
2007) to see if they were similarly expressed (Fig. 2 – part II).  ADH2 and 
PDC3 expression was determined every 4 h for 64 h (fig 1a top panel, and fig 1 
b, top panel respectively). Both ADH2 and PDC3 showed regulare daily 
fluctuations like those found for ADH1, with a peak of of expression between 
16:00 and 20:00.  The expression level then decreased during the night to  reach 
a minimum expression level between 8:00 and 12:00. 
 As we did for ADH1, we also examined the response of ADH2 and PDC3 
to continuous light or dark.  PDC3 clearly maintained a robust fluctuation 
pattern in continuous dark (fig 1b, middle panel) thought the peak in expression 
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is between 16:00 and 20:00 is reduced to slightly more than half it's level in a 
photoperiod.  Generally, therefore, in continuous dark, PDC3 continued to 
fluctuate in a circadian manner, although dark attenuated the afternoon peak of 
expression. In continuous dark, the ADH2 late afternoon peak is so greatly 
reduced that it is difficult to distinguish it from the expression level at night.  
Notice that upon the sensing of unexpected dark on the first day of treatment, 
both PDC3 and ADH2 expression is slightly induced between 8:00 and 12:00 
compared to the same time in the photoperiod.  In continuous light, during the 
first 12 h, both ADH2 and PDC3 expression followed its regular pattern with a 
peak at in the late afternoon (Fig. 1a and 1b, bottom panel), as expected because 
light conditions during the day are normal.  As soon as the cells were exposed 
to unexpected light (from 20:00 h onwards), they showed a change in the way 
they expressed these two genes, which no longer follows a regular pattern. 
ADH2 seemed completely deregulated, while PDC3 expression seemed 
flattened out at a constant medium level of expression. These results suggest 
that PDC3 and in Chlamydomonas may be under circadian regulation, although 
continuous light disrupts the cycle of PDC3 expression.  ADH2 seems to be 
responding to light conditions.  In a similar manner to ADH1, PDC3 and ADH2 
expression did not correlate with the expected pattern in response to oxygen 
levels (fig.2, part II). 
 
 
3.4.2 ADH2 and PDC3 are not oxygen responsive. 
 
 To verify whether oxygen might modulate the expression of ADH2 and 
PDC3, we attempted to change the expression of these genes by artificially 
altering the oxygen status of the culture medium. Two cultures, one fluxed with  
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 (a) ADH2   
  (b) PDC3 
 
 
Fig. 1 Patterns of expression of ADH2 and PDC3 in Chlamydomonas cells. mRNA 
levels for (a) ADH2 and (b) PDC3 were measured in synchronized cells during 
photoperiod (top panel), continuous dark (middle panel) and continuous light (bottom 
panel). Relative expression levels were measured by real-time reverse-transcription 
polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
three conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, 
the error bars were smaller than the symbols. The experiment was replicated three 
times. A representative experiment depicting two consecutive days is shown. 
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1% oxygen and one fluxed with air (21% oxygen) were compared with a 
control culture in which no gas was fluxed. The expression pattern of ADH2 
and PDC3 were unchanged by  21% O2, while fluxing 1% O2 only slightly 
reduced the expression of PDC3, but not ADH2 (Fig. 2). 
 
 
 
     Control     1 %  21% 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Effect of oxygen on the expression level of ADH2 and PDC3 in Chlamydomonas 
cells. mRNA levels for ADH2 and PDC3 were measured in synchronized cells. 
Treatments were as follows: ‘Control’, untreated; 1% O2, culture treated by bubbling 
1% O2; 21% O2, culture treated by bubbling air. Relative expression levels were 
measured by real- time reverse-transcription polymerase chain reaction (qPCR) (1 = 
the lowest value of expression measured in the three conditions). Data are mean ± SD, 
n = 3 technical replicates. When not shown, the error bars where smaller than the 
symbols. The experiment was replicated three times. A representative experiment is 
shown. 
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                T0 = 8:00   T0 = 16:00 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 The effect of initial low transcript abondance (8:00) vs initial high transcript 
abondance (16:00) on the response to dark anoxia of ADH2 and PDC3 in  
synchronized cells of Chlamydomonas.  At these two time points, 2h and 4h treatments 
were carried out in dark anoxia (black circles), and in dark air (white circles) as a 
control. Relative expression levels were measured by real-time reverse-transcription 
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polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
two conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, the 
error bars where smaller than the symbols. The experiment was replicated three times. 
A representative experiment is shown. 
3.4.3 Current transcript abondance modifies response profile to dark, but 
 not to anoxia in ADH1 and ADH2, but not PDC3.     
  
 We were curious to know whether current mRNA status of the genes 
could influence their response to anoxia.  In this experiment we chose two time 
points : 8:00 when transcript abondance of these genes is low, and confronted it 
with the 16:00 time point, when transcript abondance is high.  At these chosen 
time points, synchronized cells of chlamydomonas were treated in dark anoxia 
for 2 and 4 hours. At the same time, synchronized cells from the same culture 
were treated in the dark, in air as a control.  The results of the experiment are 
reported in figure 3.  All three genes show the same response to dark and anoxia 
when treatment starts at 8:00.  There are slightly induced by dark air (white 
circles), but expression remained low when cells are treated in dark anoxia 
(black circles).  When treatment started at 16:00, when transcript abondance 
was already high, we observe a difference between the response of PDC3 
compared to the two ADHs. PDC3 is induced by the dark treatment, while in 
dark anoxia, it's expression remains constant.  The response of PDC3 in the 
afternoon therefore is the same as it's response in the morning, except it starts at 
a higher level.  When treatment started in the afternoon ADH1 and ADH2  
reduce their expression from it's initial high level both in response to dark air 
and dark anoxia, though after 4 hours of treatment the repression by dark anoxia 
is slightly stronger than the repression by dark air.  From this experiment we 
can conclude that the genes directly involved in the ethanol pathway show a 
slight response to dark, but not to anoxia. 
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3.4.4 Protein level of PDC3 does not correlate with the observed  transcript 
 fluctuations.  
  
 The same treatment described in the previous paragraph was carried out 
on synchronized cells of chlamydomonas to confront protein levels with 
transcript levels.  Samples deriving from the same cultures were taken to extract 
proteins and examen them with western blot.  The only antibody available in 
the lab was for PDC. An antibody that recognizes the ADHs is currently being 
developed.  The results of this experiment is shown in figure 4.  We can see that 
the level of the PDC protein does not correlate with the fluctuations observed at 
the mRNA level and we conclude that a post transcriptional regulatory 
mechanism acts to control protein abondance of PDC in the cell. 
 
 
Fig. 4 The level of PDC observed in the synchronized cells of chlamydomonas in 
response to 2h and 4h dark air and dark anoxia treatment. Two starting time points 
were confronted to see whether initial low transcript abondance (8:00) vs initial high 
transcript abondance (16:00) could spill over to the protein level. The figure reports a 
western blot.  A representative experiment of 3 is shown. 
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3.4.5 Metabolite level of ethanol in the media does not correlate with the 
 observed  transcript fluctuations.  
  
 The same treatment described in the previous paragraph was carried out 
on synchronized cells of chlamydomonas to confront induction of ethanol 
secreted in the culture media with transcript levels of genes on the ethanol 
producing pathway.  The results are reported in  figure 5.  
 
Fig. 5 Amont of ethanol secreted in the culture media from synchronized cells of 
chlamydomonas in response to 2h and 4h dark air and dark anoxia treatment. Two 
starting time points were confronted to see whether initial low transcript abondance 
(8:00) vs initial high transcript abondance (16:00) could effect metabolite production 
level.   A representative experiment of  3 is shown. 
 
 
 From figure 5, we see that there is not significant level in response 
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between treatment starting in the morning and treatment starting in the 
afternoon, and that over all, the level of ethanol secreted in the media is very 
low.  We can conclude therefore that transcript fluctuations do not influence 
metabolite production in the case of ethanol in our experimental conditions.  
 
 
3.4.6 Daily expression profiles of PFL1, PFR1, ACK2 and PAT2. 
 
  PFL1, PFR1, ACK2 and PAT2 expression was determined every 4 h for 
64 h (fig 6a and 6b top panel, and fig 7a and 7b top panel).  The only gene of  
four which shows a clear pattern is PFR1.  The expression of PFR1 is close to 
zero during the day, but it is dramatically induced upon the switch to the night 
phase. Upon the sensing of continuous dark (figure 6b, middle panel), PFR1 
shows a slight increase in expression until 16:00, then remains at fairly constant  
and low (but not zero) level of expression.  In continuous light, the expression 
peaks observed during the night in a photoperiod are completely eliminated and 
PFR1 expression remains constantly near zero.  
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 (a) PFL1     (b) PFR1 
 
 
Fig. 6 Patterns of expression of PFL1 and PFR1 in Chlamydomonas cells. mRNA 
levels for (a) PFL1 and (b) PFR1 were measured in synchronized cells during 
photoperiod (top panel), continuous dark (middle panel) and continuous light (bottom 
panel). Relative expression levels were measured by real-time reverse-transcription 
polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
three conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, 
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the error bars were smaller than the symbols. The experiment was replicated three 
times. A representative experiment depicting two consecutive days is shown. 
 
 
 
                   (a) ACK2                  (b) PAT2 
 
 
Fig. 7  Patterns of expression of ACK2 and PAT2 in Chlamydomonas cells. mRNA 
levels for (a) ACK2 and (b) PAT2 were measured in synchronized cells during 
photoperiod (top panel), continuous dark (middle panel) and continuous light (bottom 
panel). Relative expression levels were measured by real-time reverse-transcription 
polymerase chain reaction (qPCR) (1 = the lowest value of expression measured in the 
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three conditions). Data are mean ± SD, n = 3 technical replicates. When not shown, 
the error bars were smaller than the symbols. The experiment was replicated three 
times. A representative experiment depicting two consecutive days is shown. 
 
 
3.4.7.  PFR1 is a circadian gene that also responds to oxygen levels.   
 
 To verify whether oxygen might modulate the expression of, PFR1, 
ACK2 and PAT2, we attempted to change the expression of these genes by 
artificially altering the oxygen status of the culture medium. Two cultures, one 
fluxed with 1% oxygen and one fluxed with air (21% oxygen) were compared 
with a control culture in which no gas was fluxed.  The results of this 
experiment are reported in figure 8. The expression pattern of ACK2 was 
unchanged by both 21% O2 and 1% O2. PAT2 shows a higher peak  in response 
to low oxygen than in the other conditions, but generally its overal pattern 
remais unchanged.  PFR1 is the only gene which shows a very clear result.  
While it's expression pattern is unchanged by low oxygen, it's peak of 
expression upon the onset of the night phase is eliminated in the presence of 
high oxygen proving that it is normally under circadian control, but that in the 
presence of hight oxygen this pattern is interrupted. 
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           Control           1 %         21% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Effect of oxygen on the expression level of PFR, ACK2 and PAT2 in 
Chlamydomonas cells. mRNA levels for PFR, ACK2 and PAT2 were measured in 
synchronized cells. Treatments were as follows: ‘Control’, untreated; 1%O2, culture 
treated by bubbling 1%O2; 21%O2, culture treated by bubbling air. Relative expression 
levels were measured by real- time reverse-transcription polymerase chain reaction 
(qPCR) (1 = the lowest value of expression measured in the three conditions). Data are 
mean ± SD, n = 3 technical replicates. When not shown, the error bars where smaller 
than the symbols. The experiment was replicated three times. A representative 
experiment is shown. 
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3.5 Discussion 
 
 
 
 
 Following on from the results obtained in part II of this thesis we began 
to take in to examination other genes in the fermentative pathway.  First we 
examined more closely the ethanol production pathway, which in addition to 
ADH1, also includes the genes ADH2 and PDC3.  In this part of our work we 
were able to conclude that ADH2 and PDC3 show similar expression patterns in 
a photoperiod to those found for ADH1, showing that all 3 genes behave in a 
similar manner.  In addition we found that in continuous light and dark 
conditions, PDC3 behaves in  the same as ADH1 and therefore is likely to be 
under circadian regulation, in addition to another unidentified factor that 
eliminated the circadian pattern in continuous light.  In part II of this work we 
hypothesized that this additional factor may be an input from cell cycle status.   
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The pattern of expression of ADH2 is not quite as clear.  This is due to the fact 
that in our experiments the reduction of the afternoon expression peak is 
reduced so much that it is no longer clearly visibile.  However we cannot 
conclude for sure that it does not exist and there is a good chance that we may 
find in the future that all three genes are regulated in the same manner.  All 
three genes during a normal photoperiod clearly do not correlate with the 
expected response to oxygen status, showing that expression of these genes is 
not controlled by oxygen in our experimental setup.   This conclusion receives 
further support from the results reported in figure 2 where oxygen is maintained 
artificially high and low, and we found that neither of these treatments was able 
to modify the daily fluctuation of the ethanol pathway genes.  In addition a 
more in-depth study of anoxic response at two chosen time points, the first 
corresponding to low transcript abondance, and the second to high transcript 
abondance do not show significantly different results, and confirm that dark 
responsiveness of these genes in the morning (low initial transcript abondance) 
as well as the repressive action exerted by anoxia. 
 Continuing further our examination of the ethanol production pathway 
we begin an initial investigation of the regulation or the pathway at the protein 
and metabolite level.  The initial results obtain in both the areas indicate that the 
mRNA fluctuations do not influence the metabolic outcome. Interestingly,  
Atteia et al. in 2006 found that while both the PFR1 protein and mRNA 
increase dramatically at the onset of anoxia, PFL1 mRNA increases do not 
translate into a corresponding increase in protein. 
This part of the work is in its preliminary fase and much remains to be 
done.  Firstly only one protein was studied, PDC3. It still remains to be 
confirmed that the antibody we used does not cross react with the other two 
forms of PDC present in chlamydomonas – PDC1 and PDC2.  Also all the other 
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proteins in the fermentative pathways must be examined, not just one.  
Antibodies for other proteins are currently being developed.  
 The different results obtained in our lab and in other labs should also 
provide a further subject of study (Mus et al., 2007).  These differences are 
undoubtedly due to the different experimental setups used, and the dramatic 
difference in results certainly is a interesting demonstration of how important 
culture conditone are in changing  the metabolismi of chlamydomonas.  It is 
interesting to not the statement by Ral et al., who in 2006 found that starch 
accumulation patterns in synchronous cells of chlamydomonas are different 
than those found in mature plant tissues where cells are no longer actively 
dividing.  Light/dark conditions constitute a major determinant of the cell cycle 
( Hwang et al. 1996; Matsumura et al. 2003; Oldenhof et al., 2007).  As such, 
light/dark conditions may influence metabolism either directly or through the 
influence they play on modifying the cycle.  
  The responsiveness (repression) of PFR1 to high oxygen and continuous 
light is a very interesting finding when looked at together with the results found 
for HYD1, which responds in the almost the  manner.  Indeed, PFR1 and HYD1 
are part of the same fermentative pathway which leads to hydrogen production 
– and it is known that this process is strongly inhibited by oxygen.  
 In addition to investigation more genes in the pathway in terms of 
protein abondance, and quantifying the about of metabolites secreted in the 
media, some other data will provide insite into the functioning of fermentation 
in chlamydomonas.  Firstly we would like to set up a protocol to measure the 
enzyme activity of the ADHs and of course the other proteins.  In addition it 
would be necessari to confirm that these metabolites are truly secreted into the 
culture medium, and not accumulated inside the cells, falsifying results so far 
obtained.  Finally it would be interesting to measure the concentration of 
 6
oxygen inside the cell, to see if any differences are revealed compared to 
oxygen concentration in the media.  
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